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DIFFERENTIAL VECTOR PHASE LOCKED
LOOP GPS RECEPTION METHOD

Pursuant to 37 C.F.R. § 1.78(a)(4), this application claims
the benefit of and priority to prior filed Provisional Appli-
cation Ser. No. 62/168,840, filed 31 May 2015 which 1s

expressly incorporated herein by reference.

RIGHTS OF THE GOVERNMENT

The mvention described herein may be manufactured and
used by or for the Government of the United States for all
governmental purposes without the payment of any royalty.

FIELD OF THE INVENTION

The present invention relates generally to global naviga-
tion satellite systems and, more particularly, to methods of
obtaining enhanced accuracy and resistance to noise signals
in dynamic motion applications.

BACKGROUND OF THE INVENTION

Global positioming systems (GPS) have revolutionized
many aspects of navigation, surveying, high accuracy tim-
ing, weapon guidance, customized electronic marketing
techniques, and the like. GPS 1s essentially a system of
carth-orbiting satellites that transmait signals continuously to
carth. A receiving device on or near the earth’s surface
receives those signals, and data contained therein, and
calculates the distance from the receiving device to each of
(at a mimmum) four satellites. With knowledge of the
transmission time, receipt time, and orbital path of each of
the four satellites, the receiver can calculate 1ts three dimen-
sional location 1n earth’s space.

Early embodiments of GPS restricted the use of high
accuracy three dimensional location to military and autho-
rized surveying applications by intentionally introducing
error 1nto the navigational signals. While this intentionally
introduced error has been removed for over a decade, a GPS
receiver still experiences error by way of ionospheric and
tropospheric aberrations, ephemeris, natural and artificial
interference signals, timing and arithmetic error, etc.

Several techniques have been employed to account for the
alforementioned sources of accuracy error, and thus yield
more precise location measurements. For example, geomet-
ric correlation of GPS satellite vehicle (SV) signals, and
vector delay locked loop (VDLL), were used as early
accuracy enhancement techniques.

Vector tracking has seen a tflurry of activity in the wake of
geometric correlation and VDLL. Taking advantage of the
spatial correlation between satellites has opened vast fron-
tiers of research. Vector tracking loops are characterized by
theirr exploitation of the geometric correlations between
satellite tracking channels. For example, if two satellites are
close together 1n the sky, and a receiver moves towards one,
it will also have projected motion towards the other. This 1s
the geometric correlation that 1s leveraged in a vector
tracking loop. Satellite-to-satellite geometric correlation 1s
reflected 1n the nondiagonal terms of the geometry matrix. In
general, these nondiagonal terms are nonzero, resulting 1n
correlation between satellites. If more than one frequency 1s
tracked, vector tracking loops also take advantage of spectral
correlations among the different signals from each satellite.
Scalar tracking loops 1gnore these correlations. To date,
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2

vector tracking research has focused on obtaiming real-time
solutions without the benefit of precise base station mea-
surements.

Ignoring receiver clock bias, the errors that aflect a GPS
receiver are normally on the order of a few meters or so. This
level of error 1s much less than the code length (300 m for
GPS coarse acquisition [CA] code) and 1s slowly changing,
making vector tracking a realistic solution for the code loop
and for the carrier when using a frequency locked loop.
However, a few meters 1s much larger than the wavelength
of the carner (19 cm for GPS L1), making vector phase
tracking a challenging proposition. For pure vector phase
tracking to be viable, the errors that affect the phase must be
mitigated.

For this reason, many vector tracking techniques use a
VDLL with a scalar phase locked loop or a VDLL with a
vector frequency locked loop (VFLL). Many VDLL/VFLL

methods also use scalar phase locked loops.

One technique 1s scalar 1n the delay locked loop (and 1s
not a pure vector phase locked loop (VPLL)), with the
carrier loop split into two parts, the high-frequency portion
1s tracked in vector mode, and the low-frequency portion
tracked 1n scalar mode. Others techniques may obtain vector
phase lock by estimating and removing atmospheric errors
and any initial biases. The individual channel phase dis-
criminator outputs are transformed, using weighted least
squares, 1nto position and atmospheric errors. Each error 1s
individually filtered and back transtformed to the individual
satellite domain to steer the replica carrier.

Using such an approach, periodic reinitialization of the
phase biases must be performed 1f the satellite clock and
position errors become too large. This essentially keeps
these methods from being pure vector phase locked. These
errors can be obviated for implementations with access to
precise orbits (e.g., network access for a real-time applica-
tion or a postprocessed application). However, severe phase
multipath affecting all satellites simultaneously 1s poten-
tially more detrimental to the VPLL than correctable satellite
clock and position errors. Since these methods are scalar 1n
the delay locked loop, they require dual-frequency receivers
to estimate and remove 1onospheric errors.

Other techmques implemented a VDLL/VPLL method by
using a Kalman filter to estimate the replica carrier and code
of each SV, using all available data. At the same time, the
atmospheric errors and receiver clock terms and their deriva-
tives are also estimated. In some embodiments, the Kalman
filter also contains states to estimate the receiver’s position
and denivatives. Again, this method 1s not pure vector phase
locked, since individual-channel biases are accounted for
and removed 1n the Kalman filter. As betfore, these methods
require dual-frequency recervers to estimate and remove
ionospheric errors.

None of the aforementioned VPLL techniques uses dii-
ferential carrier-phase measurements directly 1n the vector
phase loop. Instead, they rely on a postprocessing integer
ambiguity technique to get a highly accurate baseline esti-
mate. While more robust at tracking phase than scalar
techniques, these methods still do not reach the full potential
of pure vector phase tracking.

Others have attempted to use diflerential corrections
directly 1n the vector tracking loops, however, prior art
corrections are limited to code-phase and carrier-frequency
measurements vice carrier-phase measurements. Carrier-
phase measurements must be used to obtain an ambiguity-
resolved differential carrier-phase quality solution directly in
the tracking loop.
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However, each of the prior are techniques are inefiective
at providing an ambiguity-resolved differential carrier-phase
quality solution directly 1n the tracking loops while simul-
taneously operating 1n an environment of high-dynamics,
noisy signals and intermittent contact with satellite vehicles.
As a result, there exists a need 1n the art for a method of
improving spatial location accuracy 1n dynamic acceleration
environments that 1s also robust to noise signals and inter-
mittent contact with satellite vehicles.

SUMMARY OF THE INVENTION

The present invention overcomes the foregoing problems
and other shortcomings, drawbacks, and challenges of
obtaining high spatial resolution while rejecting external
noise in a dynamically accelerating roving GPS receiver.
While the mvention will be described 1n connection with
certain embodiments, 1t will be understood that the invention
1s not limited to these embodiments. To the contrary, this
invention 1ncludes all alternatives, modifications, and
equivalents as may be included within the spirit and scope
of the present invention.

According to one embodiment of the present invention, a
method for enhancing GPS location accuracy 1s provided.
The method includes providing a base station receiver
having a known surveyed location, and providing a roving
receiver at a location distinct from the base station receiver.
The method further includes receiving single-ifrequency
code and carrier-phase measurements from the base station,
and translating the single-irequency code and carrier-phase
measurements to a Kalman filter-predicted location of the
roving receiver. The translated single frequency code and
carrier phase measurements are used to generate a local
replica of the Kalman filter-predicted location signals for
cach channel of the roving receiver. The method further
includes correlating the local replicas with an incoming
signal of the roving receiver to generate a plurality of
tracking error estimates. The plurality of tracking error
estimates are used to update a plurality of navigation states
and a plurality of clock update states thereof. The method
also includes estimating At;, and discarding local channel
information prior to performing subsequent iterations.

Additional objects, advantages, and novel features of the
invention will be set forth 1 part in the description which
tollows, and 1n part will become apparent to those skilled 1n
the art upon examination of the following or may be learned
by practice of the invention. The objects and advantages of
the mnvention may be realized and attained by means of the
instrumentalities and combinations particularly pointed out
in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate embodi-
ments of the present invention and, together with a general
description of the invention given above, and the detailed
description of the embodiments given below, serve to
explain the principles of the present invention.

FIG. 1 1s a flowchart 1n accordance with embodiments of
the disclosed differential vector phase locked loop method.

FIG. 2 1s a graph illustrating relationships between the
various parameters used in the disclosed method.

FIG. 3 illustrates mitial Kalman filter convergence on a
local optimum for the time oflset that may result from errors
in the estimate of the initial time offset.
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FIG. 4 1llustrates a hardware configuration used for test-
ing embodiments of the disclosed invention.

FIG. 5 depicts the root mean squared of phase residuals vs
satellite vehicle elevation angle along with a parametrically
derived function to approximate an L1 curve.

FIG. 6 shows a sky plot of the constellation at the time of
the test.

FIG. 7 shows a sample plot of the DVPLL 3D error versus
time for each mode along with the filter’s 95% error esti-
mate.

FIG. 8 shows 3D errors using two survey grade receivers
processed as a single-diflerence ambiguity resolved solution
for reference.

FIG. 9 plots a sample of the relative clock frequency
oflset terms, €,, versus time for each mode.

It should be understood that the appended drawings are
not necessarily to scale, presenting a somewhat simplified
representation ol various features illustrative of the basic
principles of the invention. The specific design features of
the sequence of operations as disclosed herein, including, for
example, specific dimensions, orientations, locations, and
shapes of various 1llustrated components, will be determined
in part by the particular intended application and use envi-
ronment. Certain features of the illustrated embodiments
have been enlarged or distorted relative to others to facilitate
visualization and clear understanding. In particular, thin
features may be thickened, for example, for clarity or
illustration.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

A new method of realizing a vector phase locked loop 1s
provided herein that incorporates differential corrections
directly 1n the tracking loops of the receiver. An embodiment
of the disclosed method was used to process L-only GPS
data collected from static antennas at a known baseline. The
3D accuracy of the baseline measurements was 5 mm which
1s comparable to ambiguity resolved differential phase tech-
niques.

According to embodiments of the disclosed invention, an
accuracy enhancing and interference-resistant method has
been applied 1n a test and evaluation environment wherein
sampled intermediate-frequency (IF) global navigation sat-
cllite system (GNSS) data can be postprocessed. More
specifically, 1n accordance with embodiments of the dis-
closed 1inventive method, base station measurements can be
used 1n a differential vector phase locked loop (DVPLL)
method to obtain a position solution directly 1n the vector
tracking loop of a rover receiver that has an accuracy
comparable to an integer-resolved carrier-phase diflerential
GPS solution. The DVPLL may generate 1ts base-to-rover
carrier-based solution within 1ts vector tracking loop.

Turning attention to the appended figures, F1G. 1 shows
a tlowchart of an embodiment of the DVPLL method 10.
Starting 1n the upper-right corner of the figure, the code and
carrier-phase measurements obtained from a receiver at a
surveved location (base station) are translated to a Kalman
filter-predicted location of a receiver at a different location
(rover). The translated code- and carrier-phase measure-
ments are used to generate local replicas of the predicted
signals for each channel of the rover. These replica signals
are correlated with the incoming signal obtained at the rover
to generate tracking error estimates. The errors are used by
a Kalman filter to update 1ts navigation state and clock oflset
states, thus completing the loop. The technique 1s purely
vector 1 that no local channel information 1s saved to be
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used in the next iteration. For short baselines, a single-
frequency front end can be used as well, since the 1ono-
spheric errors are greatly reduced in the differential process-
ng.

Particular attention should be afforded to steps labeled
“Translate Base to Rover 12,” “Nay Filter 14,” and “Esti-
mate Aty, 16.” These blocks will be detailed in the following,
subsections.

In the discussion that follows, i1t should be noted that the
step of translate base to rover 12, 1n 1ts truncated form, may
be equated with the step of translating the single-frequency
code and carrier-phase measurements to a Kalman filter-
predicted location of the roving recerver. Likewise, the step
of nav filter 14, 1n 1ts truncated form, may be equated with
using the tracking error estimates to update the navigation
states and the clock update state. Lasted the step of estimate
At., 14, 1n 1ts truncated form, may be equated with estimat-
ing Atz,. Methods for implementing the remainder of the
blocks will be readily apparent to one of ordinary skill 1in the
art.

In order to use the code, carrier, and navigation data bit
measurements recorded at a base station 1n the tracking
loops of a rover, the measurements should be corrected for
the base station’s relative clock offset, clock drift, and range
difference from the rover. This section derives the method
for accomplishing this task, culminating in the final results
shown 1n formulae (24), (27), and (31).

With respect to defining time, in the discussion that
tollows, signals are defined either by the GNSS system time
when the signal was transmitted or the system time when the
signal arrived at the receiver’s antenna phase center. The
system (true) time of transmission 1s denoted by t_ and the
system (true) time of arrival 1s denoted by t . The relation-
ship between these two, for the 1th satellite, 1s given by

1=t +AF

(1)

where t ' equals the system time for the ith SV signal upon
its arrival at the receiver (s); t.* equals the system time signal
transmitted by the ith SV (s); and At equals the time for the
signal to transit from the ith SV to the receiver (s). The
transit time 1s given by

j | 2
F—+1J )

prop

Ar

where r' equals the range to ith SV, accounting for Earth
rotation and propagation time (m); ¢ equals the speed of light

(m/s), and T,,," equals the propagation delay due to the
troposphere and 10nosphere (s).

It should be noted that the propagation delay 1s different
for the code and carrier, since the 1onosphere 1s a dispersive
media. The code 1s delayed due to the 1onosphere, and the
phase 1s advanced, resulting in different values for ’Epm;
between code and carrier. These values will be defined as
T, for the code and t__ .’ for the carrier.

The base station and rover receiver indicated elapsed
times are given by

kp

Ip = —
fs

(3)
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kr
fﬁ':?

(4)

where t; equals the base station indicated elapsed time
since sample O (s); t, equals the rover indicated elapsed time
since sample 0 (s); k equals the base station sample number
(samples); k, equals the rover sample number (samples);
and 1. equals the nominal sampling frequency (Hz).

The relationship between the times 1indicated by the base
station and rover and system time 1s given by the following
equations.

f (5)
I‘5=f 1 +ep(£)dE

0B

. (6)
= f 1 +eg(E)dE + fl +€p(6)dE
t ‘1

08

‘Bl

where 1, equals the system time of base station sample 0
(s); t, equals the system time at beginning of integration
period (s); t equals the system time (s); €5 equals the base
station offset from nominal frequency (unitless): and t;,
equals the base station indicated time at beginning of
integration period (s).

For a certain time interval €, 1s approximately constant so

(7)
Ip =ig; + l-l-EBdf
1

~Ig1 + (=1l +€p)

(8)

Solving for t yields

(9)

;A Ig —Ip
1+EB

+ I

Similarly, the rover indicated time 1s derived as
tpetp -1 (1+€p)

and

(10)

IR —lpy (1)

I = + I
1+ER

The measured phase, as output by a typical base station
receiver, for satellite 1 at the base station 1s given by

05’ (15)=07 (1-Atg")-,.5(1z)- 115

where ¢, equals the signal phase at the time of transmission
(cycles); ¢, - equals the phase of the base station mixer
(cycles); and 1, equals the nominal baseband frequency
(Hz).

Since the mixer and sampler are 1n phase lock, the mixer
phase can be expanded as

(12)

(13)
Pma (1) = Pomp + f JfmB(&)dE
‘0B



US 10,534,087 Bl

7

-continued

(14)
— ‘;‘bﬂmﬂ + f fm(l + Eg(f))dg

‘0B

r (15)
= Poms +fmf 1 +ep(é)de

‘0B

= Qomp + fmlB (16)

where ¢, » equals the mixer phase at sample zero
(cycles); and 1 equals the nominal mixing frequency (Hz).

One of ordinary skill 1n the art will recognize that any
frequency variations 1n (16), due to the base station receiv-
er’s clock, are captured 1n the t, term. Substituting (16) 1nto
(12) and using the fact that f_+1f,=f ., where 1__ 1s the
nominal satellite frequency, yields

Oz (12)=0 7 (1-Atz)~f ot 5= Poms (17)

Further substituting (9) into (17) gives

Ig —Ip] (18)

+1 —ALs | = Foitp —
Tve, 0 B) fsarlp — Poms

e '1155“(

Similarly, the phase of the rover, without subtracting the
baseband phase, yields the rover replica phase given by

IR —IR| (19)

1+ER

Prolir) = Gﬁ’}( + 1 —ﬁfé) — fnlR — PomR

The t, for the ith SV, denoted t ., is found such that the
@' ~in (18) and (19) are at an equivalent time of transmission
by setting the operands equal or

Iy — I C Ip —Ipy . (20)
+1 — Ay = + 1 — Ar
1 + €p : o 1 + ER l R
Solving for t';, Yields
I. | +ep . (21)
g =1p1 + 1 (tp —1r1) + (Arg — Arp)(1 + €p)
+ €p
Using the definition of At’ in (2) gives
i ad _TETTR 1- (22)
(5 — &IB — &fﬁl — - + TPI’GPB — TPFDPR
and
: ] +€p Fo — P . . (23)
g =1Ip + T+ cr (TR — Ir1) +( 7 p =+ T propB — Tfumpﬁ](l + €5)
rg—rk . (24)
=1g1 + (1 +e)(tg —1p1) + + T propB — fpmpﬁ (1 +€p)
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3
Substituting t;’ from (21) for t, in (18) yields

. Ciip —1 . . 25
03(d) = | e + 00 = At = fuaty = o =)
or

Ctp —1 . o . 26
‘;#T( T _I_E]Zl + 1 _&If*?.) :‘;ﬁfﬁ(fﬂ)+ﬁarfﬂ +¢Dmﬂ ( )

and using (19) equals
Oz (1R) =05 (1)t a8 ~frul 2= PomrtPoms (27)

The phase measurements estimated from the base station
data can be translated to the rover using (24) and (27). €, can
be 1gnored 1n (24) for small baselines or accurate receiver
clocks. If not, 1t can be estimated as well. The difference of
the atmospheric errors 1 (24) are approximately zero for
small baselines and similar altitudes. However, the differ-
ential tropospheric errors should be compensated 1f the
altitudes are different. An appropriate tropospheric model
can be used for this compensation or augmentation of the
filter states to estimate the zenith tropospheric delay. Also,
keep mn mind that 7, =T_,,, 1n this case.

P

Equations (24) and (27) capture acceptable embodiments
of this approach by enabling calculation of the phase of the
rover using only the reference recerver measurements com-
bined with knowledge of the relative position, time and
frequency oflsets. Equation (24) finds the base station time
when the corresponding 1th satellite signal was sampled by
the base station. FIG. 2 shows the relationship between the
various parameters 1 Equations (22), (24), and (27). Equa-
tion (27) takes the base station’s phase measurement at this
time, mixes 1t back up to estimate the signal at the antenna
and then mixes 1t back down using the rover’s mixer. The
first term on the right side of (27) contains all the errors
common to both receivers while the final two terms are the
difference 1n phases between the two mixers at the start of
sampling. This difference 1s the same constant for all satel-
lites and becomes an error in the time oflset estimate.

The replica code of the rover may be generated from the
translated replica code of the base station. The translation 1s
performed similar to the translation of the phase. The code
time of the base station 1s given by:

tc'y(1g) = 1¢' (1 — Atrp) (28)

_ IC'II(IB — 11 (29)

—A?
| +ep T B)

where tC',, equals the base station code time (s) at time t
and tC' equals the code time of satellite 1 at time of
transmission (s). Similarly,

(30)

E(IR — IRl

10 (1p) = Ic
R( H) 1 + €p

+1 — &r}?)

Using the t';, in (21) gives
tcg' (tr)=tcp' (tp')

(31)
It should be noted that T, =T, 1n this case. The data

bits from the base station corresponding to the same code
time are used to create the rover’s data baits.

The data collected were from two static receivers so a
simplified Kalman filter was developed using a stationary
model to demonstrate embodiments of the disclosed inven-
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tion. The method does not require stationary receivers and
can be easily adapted for more dynamic models and envi-
ronments by augmenting the state vector. If an 1nertial
measurement unit (IMU) 1s also included and properly
modeled 1n the state equations, a very powerful deeply
integrated solution can be realized. In fact, using a stationary
rover 1s a special case of a deep integration with a perfect
IMU. The following derivation uses an extended Kalman
filter going through the normal propagate and update cycles.
The continuous time state model 1s given by

X=Fx+Bu+Gw (32)

The state vector consists of the parameters to be esti-

mated, namely

=[xy zig6]" (33)

where x equals the rover ECEF X position (m), y equals
the rover ECEF y position (m), z equals the rover ECEF z
position (m), tz, 1s as defined 1n Equation (6) (s), and €, 1s
defined 1n Equation (24) (unitless).

Since the rover 1s modeled as a stationary receiver, the
first derivative of position 1s zero so

X=w, (34)
y_wy (35)
=W, (36)

Where w_equals a Gaussian white noise with strength g ;
w,, equals a Gaussian white noise with strength q,; and w,
equals a Gaussian white noise with strength q..

The noise 1s added to the model to mimic Brownian
motion or a slowly wandering position. In the stationary
case, 1t would normally be a very small value.

The Kalman filter models the rover recerver so all deriva-
tives are taken with respect to t,,. The derivative of t;, with

respect to t,, 1s found by using the chain rule starting with
Equation (6).

dig| B d al (37)
d_ﬁ = E[L}gl +EB(§)d§]

=1+ Eﬂ(é“)lg:rl (38)
=1 +¢eg(fy) (39)
drﬁ'l B (40)
E =1 +ep(r)

digr 1 +eg(nn) _ 1 (41)
E 1+ ep(fy) =1+al)

iﬂl :1+E2+WI (42)

Where w =Gaussian white noise with strength q,. The last
variable 1n the state matrix 1s modeled as Brownian motion

&=W, (43)

where w_=Gaussian white noise with strength g..
Pulling all the equations together yields the continuous
time state space model matrices

00 0 0 0 (44)
0 0 0 0 0
F=(0 0000
0 0 0 0 1
00 0 0 0
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-continued

B=G=1] (45)
w=[0 0 0 1 07 (46)
w=|Wy Wy, W; Wy We ]T (47)
Elw(t)w (5)] = Q8(1; — 12) (48)

‘. 0 0 0 0 (49)

0 g, 0 0 0
Q=10 0 g, 0 0O

0 0 0 g O

0 0 0 0 g

When simulating the performance of embodiments of the
disclosed invention, the values for the () matrix were chosen
such that

qxzqy:q;[).[)lz m*/s (50)
g =8x107%°f. 2 cycles®/s (51)
q.=27>(4x 107>, * cycles/s®/s (52)

The position noise growth values were chosen to be on the
order of the antenna survey’s reported error after a second.
The two time values were derived for an OCXO clock and
were converted to cycles to avoid numerical problems
during the update cycle.

The measurement equation 1s derived by starting with the
nonlinear equation relating the state vector to the phase as

z=h(x)+v (53)
E[v(t,) V' (15)]=R8(t,- 1) (54)
From (27) z and h can be rewritten as
GR(tr) (55)
z=| daltr)
dR(R)
| Bpig) + fsarly — finIR — Pomr + Pomp (56)

D (ts) + fuarly — fnlk — Pompr + Boms

! ‘;bfﬂ([g) + fsarrg — fmrﬁ' — ‘i’ﬂmR + ‘;bﬂmﬂ ]

However, the measurements going into the Kalman filter
are the average diflerence, across the integration interval,
between the replica phase and the mncoming phase. There-
fore, the measurement equation can be linearized around the
propagated state vector as

dh

@X X=X

(57)

07 = 0xX + v

The denivation of the Kalman filter assumes the measure-
ment noise 1S zero-mean white (Gaussian. However, the
nonlinear discriminator maps the zero-mean white Gaussian
I and Q measurements 1nto phase measurements where these
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assumptions are not necessarily met. This, along with the
nonlinear nature of the measurement equations, makes the
EKF suboptimal.

The matrix
g — dh
 Ox

consists of N rows, where N 1s the number of satellites
tracked, with the ith row given as

[ 0¢r O¢k 09k Apr Ak (58)

V=1 3% By 9z 9 Ga

H, ..

Performing the partial derivatives and i1gnoring small
ellects due to SV Doppler, each row of H was calculated as

: E:‘i: E; £
H(, ...) = fe

C C

! (59)
£ 1 AT

C

where [e,’ e e'] equals a pointing vector from Rover to
ith SV.

The phase discriminator 1s a four-quadrant arctangent
since the navigation data bits are used. This discriminator
limits the measurements to a half cycle on either side of zero.
As 1n the scalar case with navigation data bits known, the
total phase error from all sources (dynamics, clock error,
noise, atmosphere mis-modeling, etc) must be kept less than
this for all SVs 1 order to maintain vector phase lock.
Maintaining the total error under a half cycle 1s easily done
with proper design such as proper choice of clock, integra-
tion period length, atmospheric model, base station place-
ment, etc. If the errors become larger than a half cycle across
the mtegration period the effect will be similar to an uncor-
rected cycle slip 1n traditional methods. Due to the mterpo-
lations 1n translating the base station measurements to the
rover, the base station measurements also must not have any
cycle slips across the integration period. This 1s not a
challenge for modern survey-grade receivers.

Initially, the Kalman filter will converge on a local
optimum for the time oflset, as shown in FIG. 3, due to
errors 1n the estimate of the mitial time offset. To reach the
global optimum, a normalized early-minus-late code dis-
criminator 1s used. The sum, across all SVs, of the early,
prompt, and late in-phase components are used to estimate
the time oflset error, 1n code chips, as

IE,,, = Z IE (60)
SV

IP,,, = Z IP (61)
S5V

IL,, = Z I (62)
S5V

A 1 IESH.P?‘I — IL.SHFH (63)

‘BL= 2T 1P

The tracking loop should be vector phase locked before
the time oflset error can be estimated. The time offset error

1s filtered and 1f greater than a cycle then the Kalman filter’s
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time oilset estimate 1s moved by the nearest integer carrier
cycles toward the peak. It should be noted that the global
optimum does not line up with zero time offset due to the
arbitrary phase oflset of the two recerver clocks and other
differential phase errors. This same method was used, during
tracking, to maintain the solution on the global peak.

The following examples illustrate particular properties
and advantages of some of the embodiments of the present
invention. Furthermore, these are examples of reduction to
practice of the present mvention and confirmation that the
principles described in the present invention are therefore
valid but should not be construed as 1n any way limiting the
scope of the invention.

A specialized Transform-domain Instrumentation GPS
Receiver (TRIGR) was developed for controlled reception
pattern antenna (CRPA) research at the Air Force Institute of
Technology. The front end has four separate L1 channels
triggered off the same clock. The data, from each channel,
were recorded at 56.32 MHz using 8-bit analog-to-digital
converters. The mixer was at 1505.42 MHz bringing the
signal down to 70 MHz and subsampling brought the signal
down a further 56.32 MHz for a final baseband frequency,
th, of 13.68 MHz. The eflective mixing frequency is then
1561.74 MHz and this 1s the value used for im.

This TRIGR front end was used i1n a test to demonstrate
the accuracy of the DVPLL method 10. The test was setup
as shown 1n FIG. 4. Two chokering antennas were placed on
a rooftop and the output of each was split and fed into a
survey-grade receiver and into one channel of the TRIGR
front end. Data were recorded from the Survey grade receiv-
ers Tor 24 hours, and sent to NGA’s Online Positioning User
Service (OPUS) to get survey coordinates.

The 24-h Survey grade carrier-phase observations were
reprocessed using the OPUS surveyed coordinates to get an
estimate of the single-difference phase residuals. The rms of
the resulting phase residuals vs SV elevation angle 1s plotted
in FIG. 5 along with a parametrically derived function to
approximate the L curve. The parametrically derived func-
tion was used to create the measurement covariance matrix,
R. This simplistic realization of R 1s appropriate for the
benign case presented herein. Under harsher conditions the
model of the R matrix should be modified to account for
other variables such as baseline length, dynamics, signal
blockage, signal strength, etc.

The TRIGR front end and Survey grade receivers were
used to collect 15 minutes of data.

The Survey grade receiver data were recorded at 4 Hz.
The Survey grade receivers were not set up to collect the raw
navigation data bits so the TRIGR data were processed using
a conventional SW receiver to obtain the navigation data
bits. The data were then processed using the DVPLL method
10 1n two different modes. The first mode was a zero-
baseline solution which used each survey grade receiver as
the base station and the TRIGR channel corresponding to the
same antenna as the rover. In this mode, the signal 1s the
same up to the splitter, so all differential errors, except those
due to receiver noise and receiver clocks, would be zero. The
second mode was a short-baseline (18.5 m) solution which
used each survey grade receiver as a base station and the
TRIGR corresponding to the other antenna as the rover.

For testing embodiments of the disclosed invention, the
DVPLL method 10 was mitialized with the rover’s surveyed
position 1n order to easily prove the concept. In general, this
information will not be available. The method could be
initialized by performing traditional scalar tracking, resolv-
ing ambiguities, and handing ofl the resultant ambiguity
resolved solution to the method. However, an acquisition
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method has been developed for the unique requirements of
the DVPLL method 10 that does not require ambiguity
resolution. The time bias state, t5,, was 1mtialized, using a
high elevation satellite, as the difference of the two receiv-
er’s mdicated times for a common code phase corrected for
the difference 1n range. The frequency oflset term e€,, was
initialized as the diflerence of the two receiver’s Doppler

frequency estimates divided by the nominal satellite fre-
quency.

FIG. 6 shows a sky plot of the constellation at the time of
the test. Eight to mine satellites were above the 10 degree
mask angle.

FI1G. 7 shows a sample plot of the DVPLL method 10 3D
error versus time for each mode along with the filter’s 95%
error estimate. The overall rms of the 3D errors was approxi-
mately 1.3 mm for the zero baseline test and 5.3 mm for the
short static baseline test which are comparable to an ambi-
guity-resolved diflerential carrier phase solution. This shows
that the DVPLL method 10 clearly maintained vector phase
lock on the correct solution. FIG. 8 shows the 3D errors
using the two Survey grade receivers processed as a single-
difference ambiguity resolved solution for reference. The
error characteristics of the figures display similar low fre-
quency content. The low-Irequency errors are believed to be
caused by multipath and/or the difference in antenna phase
variations. FIG. 9 plots a sample of the relative clock
frequency oflset terms, E, versus time for each mode. FIG.
9 plots both processing modes using the TRIGR channel
attached to the blue antenna as the rover. Thus the rover
clock drift will be the same in each case and any diflerence
in €,, between processing modes, 1s solely due to the
difference 1n clocks 1n the two Survey grade receivers used
as base stations. Note that e, 1s approximately the same
between processing modes. This 1s due to the Survey grade
receiver’s correction of measurement data for clock varia-
tions. The —-1.8x1077 s/s drift is comparable to the value
expected of the OCXO used 1n the TRIGR front end giving
high confidence the state was properly estimated.

The method was tested on GPS L1 measurements. How-
ever, nothing limits the method to a single frequency or type
of GNSS signal. In fact, 1t correctly modeled, all available
signals can be tracked in the same loop creating a highly
robust solution. Additionally, given the number of measure-
ments available, standard Kalman filter measurement
residual monitoring techniques can be implemented.

While the present invention has been illustrated by a
description of one or more embodiments thereol and while
these embodiments have been described in considerable
detail, they are not intended to restrict or in any way limit the
scope of the appended claims to such detail. Additional
advantages and modifications will readily appear to those
skilled 1n the art. The invention in 1ts broader aspects 1s
therefore not limited to the specific details, representative
apparatus and method, and illustrative examples shown and
described. Accordingly, departures may be made from such
details without departing from the scope of the general
inventive concept.

What 1s claimed 1s:
1. A method for enhancing GPS location accuracy, the
method comprising:

providing a base station receiver having a known sur-
veyed location;

providing a roving recerver at a location distinct from the
base station receiver;

receiving single-frequency code and carrier-phase mea-
surements from the base station;

translating the single-frequency code and carrier-phase
measurements to a Kalman filter-predicted location of
the roving receiver;
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using the translated single frequency code and carrier
phase measurements to generate a local replica of
signals corresponding to the Kalman filter-predicted
location for each channel of the roving receiver;

correlating the local replicas with an incoming signal of
the roving receiver to generate a plurality of tracking
error estimates;

using the plurality of tracking error estimates to update a
plurality of navigation states and a plurality of clock
update states thereof;

estimating At,, defined by the diflerence of an 1nitial time

offset between a local Kalman filter optimum and a

time offset of a global optimum; and

discarding local channel information prior to performing,

subsequent 1terations.
2. The method of claim 1, wherein the roving receiver
includes stored values of a plurality of frequencies and a
plurality of codes, and wherein a plurality of local replicas
of the Kalman filter-predicted locations signals are applied
to each of the plurality of frequencies.
3. The method of claim 2, wherein the step of translating
the single-frequency code and carrier-phase measurements
to a Kalman filter-predicted location of the roving receiver
includes the steps of:
creating an estimate ol a time bias of a wave that would
have passed the base station using an estimate of time
and frequency oflsets between the rover and the base
station, a difference 1n range to a satellite between the
rover and the base station, and a difference 1n modelled
atmospheric errors for the rover and the base station;

interpolating the base station’s phase measurements using
the time bias; and

correcting the mterpolated phase for a center frequency of

the satellite and a mixing frequency of the receiver.

4. The method of claim 2, wherein the step of using the
tracking error estimates to update the plurality of navigation
states and the clock update states includes the steps of:

creating rows of H using

and

updating a plurality of navigation filter states using phase
measurements determined 1n a plurality of discrimina-
tors.

5. The method of claim 2, wherein estimating Atg,

includes the steps of:

allowing a navigation filter to settle on a local maximum
for the At,,;

using in-phase early, prompt, and late correlator estimates
n

IESHFH — IL.S‘HFH _
Ipsum ,

A 1
IBI—Z

moving the At;, by a rounded number of integer cycles,
after accounting for proper units, towards a global
maximum; and

monitoring At,, during a track to maintain lock on the
global maximum.

G ex x = e
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